Harmful algal blooms (HAB) release microtoxins that contaminate drinking water supplies and risk the health of millions annually. Crystalline ferrate(VI) is a powerful oxidant capable of removing algal microtoxins. We investigate in-situ electrochemically produced ferrate from common carbon steel as an on-demand alternative to crystalline ferrate for the removal of microcystin-LR (MC-LR) and compare the removal efficacy for both electrochemical (EC) and chemical dosing methodologies. We report that a very low dose of EC-ferrate in deionized water (0.5 mg FeO 4 2À L À1 ) oxidizes MC-LR (MC-LR 0 ¼ 10 μg L À1 ) to below the guideline limit (1.0 μg L À1 ) within 10 minutes' contact time. With bicarbonate or natural organic matter (NOM), doses of 2.0-5.0 mg FeO 4 2À L À1 are required, with lower efficacy of EC-ferrate than crystalline ferrate due to loss of EC-ferrate by water oxidation. To evaluate the EC-ferrate process to concurrently oxidize micropollutants, coagulate NOM, and disinfect drinking water, we spiked NOM-containing real water with MC-LR and Escherichia coli, finding that EC-ferrate is effective at 10.0 mg FeO 4 2À L À1 under normal operation or 2.0 mg FeO 4 2À L À1 if the test water has initial pH optimized. We suggest in-situ EC-ferrate may be appropriate for sporadic HAB events in small water systems as a primary or back-up technology.
INTRODUCTION
Cyanotoxins, released from cyanobacteria during harmful algal blooms (HABs), are of concern globally due to increasing eutrophication and global warming. Microcystins (MCs) are hepatotoxic cyanotoxins, with one variant, microcystin-LR (MC-LR), accounting for 46-99% of all MCs in HABs (Vasconcelos et al. ) . The World Health Organization has established a guideline drinking water limit of 1 μg L À1 MC-LR (WHO ), although meeting this can be challenging for conventional water treatment plants, e.g., MCs in Lake Erie left 500,000 people without drinking water in August 2014 (Tanber ) . Chlorine alone is capable of 
The electrochemical system was a three-electrode cell with a carbon steel anode (McMaster Carr AISI 1008, 0.10% C), stainless steel cathode, and Hg/HgO reference electrode ( Figure S1 , available with the online version of this paper). Carbon steel was chosen as it has been shown to have greater ferrate yield than high purity iron anodes except for experiments that examined the impact of initial pH, where initial pH was varied from 1 to 14. All waters were allowed to equilibrate to 20 ± 1 C before use, pH was monitored throughout each experiment. Tests were done both in DI water and with bicarbonate as a buffer to elucidate the impact of ferrate itself acting as a buffer when reduced (Equation (1)). MC-LR stock solution (10 mg L À1 ) was made by hydrating MC-LR powder (Enzo Life Sciences) with 18 MΩ purity DI water and bringing testing concentrations to 10 μg L À1 . The stock solution was stored at 5 C; the concentration was analyzed prior to all experiments and reformulated when the concentration dropped by >2%. Elk Lake (EL) natural water was collected from Elk Lake, Victoria, Canada as representative poor-quality (high DOC and UV 254 ) surface water (DOC ¼ 6.3 mg L À1 ;
The EL natural water was also spiked with E. coli in select tests to determine co-oxidation and disinfection capabilities of EC-ferrate. The inocula were prepared as previously 
Experimental and analytical techniques
All analytical reagents (Fisher/Alfa) were of reagent grade or higher. To measure removal efficacy, samples of 50- 
RESULTS AND DISCUSSION
Quantification of EC-ferrate EC-ferrate quantification was calibrated by the ABTS method, seen in Figure 1 . This calibration was done to ensure that the dose of EC-ferrate to make an accurate comparison with crystalline ferrate was known. The ABTS (1)). Furthermore, this allowed direct quantification instead of crystallization and purification, during which some loss of ferrate would be likely. We also found that the ABTS method provided greater accuracy than and NOM) on MC-LR oxidation is shown in Figure S2 (available with the online version of this paper) at Figure 2(c) ). 
Impact of pH on oxidation of MC-LR
As noted in the previous sections, bulk and localized pH have a significant impact on MC-LR oxidation. The impact of initial solution pH is shown in Figure 3(a) , showing that EC-ferrate has a significantly lower optimum initial pH
The difference in optimal initial pH is due to the highly The impact was slightly reduced, although still significant, at lower initial ferrate concentrations, as seen in Figure 4( Efficacy in natural water spiked with MC-LR and E. coli
Removal of MC-LR in spiked natural water is shown in Figure 5 .
As observed in test waters, the NOM and alkalinity in the EC-ferrate also showed capability as a co-oxidant and disinfectant in E. coli-spiked natural water. As with MC-LR oxidation, optimized initial pH EC-ferrate showed the here demonstrate promise that EC-ferrate, synthesized from only common carbon steel, is capable of MC-LR oxidation to <1 μg L À1 in both synthetic test waters and spiked natural waters when initial pH is adjusted.
CONCLUSIONS
In this work, we investigated the use of the on-line production of electrochemically generated ferrate with a common carbon steel anode for MC-LR removal from test and natural drinking waters and compared this dosing methodology of the same ion in crystalline form. Initial water pH adjustment allowed for the highest removal at the lowest EC-ferrate dose. This was also the case for EC-ferrate as a co-oxidant/ disinfectant/coagulant to simultaneously remove MC-LR, E. coli, and coagulate NOM. Aqueous EC-ferrate, generated in alkaline solution as described here, could be considered a simple and viable candidate for community water systems.
